coworkers have recently determined the structure of try in the structure allows us to extrapolate from this crystal structure of a nucleotide-free form of the ␥ comthe small subunit from the RFC of the archaebacterium Pyrococcus furiosus. The subunit architecture and the plex to the structural transitions that result in the loading of the ␤ ring on DNA. intersubunit packing seen in the archael structure is similar to that seen in the bacterial clamp loader described below (Oyama et al., 2001 [August issue of MoResults and Discussion lecular Cell]). The clamp loader of the T4 bacteriophage DNA polymerase system has been extremely well studWe first describe the features of the ␥ complex that are derived directly from the crystal structure. Then, ied (Young et al., 1992). The sliding clamp of T4 bacteriophage, the gp45 protein, is structurally similar to both commencing with the section entitled "Implications for Structural Transitions in the ␥ Complex," we discuss ␤ subunit and PCNA (Moarefi et al., 2000; Shamoo and Steitz, 1999) . The clamp loader consists of the gp62 and models for a closed, more symmetric, and nucleotidefree conformation of the ␥ complex. We have also built gp44 proteins, and sequence similarity between gp62, ␥, and RFC subunits suggests a common mechanism a model that is slightly more open than that seen in the crystal structure and to which the ␤ subunit can be of action.
In order to understand the mechanism of clamp loaddocked. These concluding sections are speculative, but are motivated by biochemical insights into the clamp ing at the molecular level, we have determined the crystal structure of ␥ complex, containing the ␥, ␦Ј, and loading process in E. coli (see, for example, Turner et al., 1999). ␦ subunits, at 2.7/3.0 Å resolution. The clamp loader complex is assembled from five subunits, each with the same fold. Nevertheless, each subunit in the complex Structure Determination A form of the ␥ complex that is fully active in clamp adopts a very different conformation due to differences in their interdomain arrangements. The striking asymmeloading was prepared by reconstituting purified ␦, ␦Ј, While the ␥ subunit structure has been determined in of the ␦ and ␦Ј subunits. A complete model has been the absence of nucleotides, the binding mode of ATP built and refined for all parts of the structure, with the can be determined reliably because of the structural exception of two short segments in the C-terminal docorrespondence between Domains I and II of ␥ and the main of ␦, to free and working R values of 30.4% and structures of the AAAϩ ATPases bound to nucleotides. 26.1%, respectively (Table 1) .
The NSF protein contains two ATP binding domains, D1 and D2, that are arranged in concentric hexameric rings General Description of the Structure (while D1 is an ATPase, the D2 domain is not). We use The ␥ complex is assembled as a heteromeric pentamer the structure of the D2 domain of NSF (NSF-D2), which with stoichiometry ␦Ј: (461 Å 2 on ␥3 and 440 Å 2 on ␦), and is mainly polar rather Proceeding in the order ␦Ј-␥1-␥2-␥3, the C-terminal helix than hydrophobic. Thus, the C-terminal domain of ␦ ␣15 of the first subunit in a pair packs into a hydrophobic might swivel with respect to the rest of the helical scafgroove formed by helices ␣12 and ␣14 of the following fold as the ␥ complex undergoes conformational subunit. The interface between the C-terminal domains changes. is fairly extensive. For example, at the ␥1-␥2 interface, 905 Å 2 and 937 Å 2 of surface area are buried on Domain III of the two subunits, respectively. There is tight pack-
Interdomain Rotations Result in Large Structural
Differences between the Three ␥ Subunits ing of hydrophobic residues at each of the interfaces. In ␥, these include Pro-343, Met-347, Met-351, Leu-354, The overall shape of each of the three ␥ subunits is different (Figure 2A ). When viewed from above the Leu-357, and Leu-365 on one side of the interface, and Leu-286, Ala-293, Met-294, Leu-297, Tyr-329, and Leu-C-terminal helical collar, the N-terminal domains of ␥1, ␥2, and ␥3 are increasingly splayed out with respect 333 on the other side. In addition to the helical packing, flexible C-terminal extensions emanate from the doto the roughly circular arrangement of the C-terminal domains, with Domain I of ␥3 being rotated outward mains, linking them together. These extensive interactions suggest that the C-terminal domains of ␦Ј and ␥ the most ( Figure 2C ). On superimposing Domain II, the relative rotation in Domain III is 21Њ, 45Њ, and 60Њ on are linked together tightly and not easily perturbed.
The C-terminal domain of ␦ is bound between the comparing ␥1 with ␥2, ␥2 with ␥3, and ␥1 with ␥3, respectively. ␥1 and ␥2 are significantly closer to each other corresponding domains of ␥3 and ␦Ј, closing the circle. However, the arrangement of the ␦Ј and ␥ subunits is in overall structure than either is to ␥3, a fact that is important in generating a model for a closed state of such that there is not enough space to accommodate a fifth subunit that makes the same set of ␣15/␣12-␣14 the ␥ complex, discussed later. ␥2 (indicated in gray) . The first helix of Domain III of ␥1, ␣10, is shown as a magenta tube to highlight the flexible linker connecting it to the last helix of Domain II. On the right, ␥2 is shown again, in the same orientation as on the left (red). The ␥1 subunit is replaced by ␦Ј (orange), which has been superimposed on ␥1 using the C-terminal domain. Note that helix ␣10 in ␦Ј is extended at its N terminus relative to the structure seen in ␥1, so that the connection to Domain II no longer appears to be flexible. The overall conformation of ␦Ј is more closed than that of ␥1, so that the Sensor 1 region of ␦Ј is no longer located as close to the ATP binding site of ␥2 as that of ␥1. ␥3 is precisely the same as that seen in the crystal structure of the ␥ complex. In effect, the N-terminal tions that hold ␦Ј and ␦ apart. Biochemical experiments demonstrate that the ␥ complex undergoes ATP-dependomain of ␥3 moves as a rigidly coupled unit to Domains I and II of ␦ as ␥3 closes upon ␥2 ( Figure 5A ). dent transitions that either sequester or expose ␦ for interaction with the ␤ ring (Naktinis et al., 1995) , and that Our rather crude model for a potential closed form of the ␥ complex explains the low affinity of nucleotidethe ␦Ј subunit is involved in this sequestration (Turner et al., 1999) . Since the crystal structure has Domain I of ␦ free ␥ complex for the ␤ subunit. When ␥3 closes upon ␥2, the tracking of this movement by Domains I and II almost completely exposed, we asked whether we could Figure 5B ). The ␦-␥3-␤ 2 assembly was then Interaction at an Adjoining Intersubunit moved away from the rest of the ␥ complex and then Region on ␤ docked onto it using a rigid body procedure that considWe used the crystal structure of the ␤:␦ complex to dock ered only van der Waals repulsions between backbone the N-terminal domain of ␦, as well as the ␤ subunit, atoms, along with harmonic forces on the C␣ atoms of from that structure onto the ␦ subunit in the ␥ complex. the clamp loader that restrained them to be close to When this is done, a very interesting correlation between the crystal structure. The restraint term was set to be the structure of the ␤ subunit and the structure of the maximal (300 kcal/mole/Å 2 ) at the connection points be-␦-␥3 subassembly is evident. In the docked complex, tween Domains II and III of ␦ and between Domains I the N-terminal domain of ␥3 interacts with the surface and II of ␥3, and it was reduced as the inverse square of ␤ in a manner that resembles the interaction of ␦ with of the distance from these pivot points. An ‫03ف‬Њ outward ␤ ( Figure 5B ). Helix ␣4 of ␥ approaches the surface of rotation of the ␦-␥3 subassembly allows docking of the ␤ closely at the interdomain interface between Domains entire open form of the ␤ dimer on the surface of the 1 and 2 and near the interdomain connector. ␦ interacts clamp loader ( Figure 5C ). This very simplistic modeling with ␤ similarly, using helix ␣4, but at the interface beprocedure ignores conformational changes within the ␥ tween Domains 2 and 3. The lack of significant steric complex and results in localized intermolecular clashes, clash between the ␦-␥3 subassembly and the almost which are ignored. precise mimicking by ␥ of the ␦-␤ interaction suggests
Arg-169 of the
The model for the ␥ complex bound to ␤ makes clear a role for ␥ in binding to the clamp. Recent biochemical that the orientation of the ␤:␦ interaction virtually dicdata support this idea (Stewart et al., 2001) .
tates that an extensive interaction will occur between ␤ and the various subunits of the ␥ complex, including Adjustments in the Orientation of the ␦-␥3 Subassembly ␦Ј. The multipoint interaction between ␤ and the clamp Allow Docking of an Open Form of the Entire ␤ loader that is suggested by this analysis has important Ring on the Surface of the Clamp Loader implications for the clamp loading process because it Docking of ␤ onto the unmodified crystal structure of potentially provides a way for the clamp loader to stabithe ␥ complex, using ␦ in the ␤:␦ complex as a reference, lize the ring while allowing one interface to open. For results in a collision between ␥2, ␥1, and ␦Ј and the ␤ example, in the RFC/PCNA system, the interaction bedimer. We relieved these collisions by generating a tween the subunit corresponding to ␥3 and PCNA would crude model for an open form of ␤ docked onto the occur at an intermolecular interface, but one that is presurface of the clamp loader. We separated the clamp sumably being stabilized rather than being opened. loader and the ␤ dimer into two parts that were treated Calculation of the surface electrostatic potential of the ␥ complex using GRASP (Nicholls et al., 1991) (Table 1) . configured for catalysis. The addition of primed DNA
